**Research Highlights**

\(1\) A male patient revealed left transtentorial herniation following traumatic intracerebral hemorrhage in the left fronto-temporal lobe by diffusion tensor tractography.

\(2\) The patient presented with severe paralysis of the right extremities at the time of intracerebral hemorrhage onset, however, the paralysis had recovered to a nearly normal state at 27 months after onset.

\(3\) Through diffusion tensor tractography, the left corticospinal tract was disrupted below the cerebral peduncle at 1 month after onset and the disrupted left corticospinal tract was reconstructed at 27 months after onset.

\(4\) Recovery of limb motor function in a patient with traumatic transtentorial herniation can come to be true by recovery of corticospinal tract.

INTRODUCTION {#sec1-1}
============

Traumatic brain injury is one of the most common neurologic disorders causing disability\[[@ref1][@ref2]\]. Previous studies have reported the incidence of motor weakness following traumatic brain injury as 9--56%\[[@ref1][@ref3][@ref4]\]. Transtentorial herniation is one of the causes of motor weakness in traumatic brain injury, along with diffuse axonal injury, deep cerebral hemorrhage, focal cortical contusion, and hypoxic-ischemic injury\[[@ref1][@ref5]\]. Transtentorial herniation can bring about corticospinal tract injury by compression of the cerebral peduncle, which was caused by downward displacement of medial brain structures out of the cranium through the tentorial notch following head trauma\[[@ref1][@ref6][@ref7]\]. Conventional brain MRI cannot visualize or estimate a neural tract at the cerebral peduncle; therefore, it is difficult to demonstrate the recovery of the corticospinal tract injured by transtentorial herniation.

By contrast, diffusion tensor imaging allows for visualization and estimation of the corticospinal tract in three dimensions\[[@ref8][@ref9][@ref10]\]. Some recent diffusion tensor imaging studies have reported on the usefulness of diffusion tensor imaging in diagnosis of transtentorial herniation in patients with traumatic brain injury; however, little is known about recovery of the corticospinal tract injured by transtentorial herniation\[[@ref5][@ref11][@ref12]\].

In this study, we present with a patient who showed recovery of a corticospinal tract injured by transtentorial herniation following head trauma, using diffusion tensor imaging.

CASE REPORT {#sec1-2}
===========

A 39-year-old, right-handed male patient underwent decompressive craniectomy due to traumatic intracerebral hemorrhage, which occurred after falling from a height of 3 meters. Brain CT images, which were taken after surgery, showed intracerebral hemorrhage in the left fronto-temporal lobe and left transtentorial herniation ([Figure 1A](#F1){ref-type="fig"}). Brain MRI (1 and 27 months after intracerebral hemorrhage onset) revealed shrinkage in the left cerebral peduncle ([Figure 1A](#F1){ref-type="fig"}).

![Brain CT, MRI images and diffusion tensor tractography results of the corticospinal tract in the included patient.\
(A) Brain CT images after surgery show intracerebral hemorrhage in the left fronto-temporal lobes and left transtentorial herniation (arrow). Brain MRI images (1 and 27 months after onset) reveal shrinkage of the left cerebral peduncle (arrow). R: Right.\
(B) Results of diffusion tensor tractography. The first (1 month after head trauma) and second (27 months after onset) diffusion tensor tractography for the corticospinal tracts (yellow) in the right hemispheres showed that fiber tracts passed along the known corticospinal tract pathway. On the first diffusion tensor tractography of the affected (left) hemisphere, the corticospinal tract (red) was disrupted below the cerebral peduncle (blue arrow) and connected to the right hemisphere *via* transpontine fibers. The transpontine connection fibers (red) in the right hemisphere may be related to compensatory mechanism after motor weakness or corticospinal tract injury. However, the left corticospinal tract (red) originated from the left primary motor cortex and descended through the left cerebral peduncle (blue arrow) on the second diffusion tensor tractography. R: Right.](NRR-8-469-g001){#F1}

The standardized Motricity Index and Medical Research Council scale were used for determination of motor function at the time of intracerebral hemorrhage onset and 1, 6 and 27 months after onset. The Motricity Index is a measure of the integrity of extremity motor function, with a maximum score of 100. Morticity Index has two different evaluation scores between hand and other joints (shoulder, elbow, hip, knee and ankle); hand prehension: 0 (non-movement), 33 (beginning of prehension), 56 (grips cube without gravity), 65 (holds cube against gravity), 77 (grips against pull, but weaker than other side), and 100 (normal); other joints: 0 (non-movement), 28 (palpable contraction), 42 (movement without gravity), 56 (movement against gravity), 74 (movement against resistance, but weaker than normal), and 100 (normal). In addition, six categories are included in the Medical Research Council scale: 0, no contraction; 1, palpable contraction, but no visible movement; 2, movement without gravity; 3, movement against gravity; 4, movement against a resistance lower than the resistance overcome by the healthy side; 5, movement against a resistance equal to the maximum resistance overcome by the healthy side. Reliability and validity of the Motricity Index are well-established\[[@ref13]\]. The patient presented with severe paralysis of the right extremities at the time of intracerebral hemorrhage onset (Motricity Index, onset: 0 point, 1 month after onset (first diffusion tensor imaging); 24 points), but slowly recovered some functions, to the point of being able to move the affected extremities against some resistance at about 6 months after onset (Motricity Index: 75 points) ([Table 1](#T1){ref-type="table"}). At 27 months after onset (second diffusion tensor imaging), the motor function of the right extremities in the patient had recovered to a nearly normal state (Motricity Index: 96 points).

###### 

Changes of motor function in the included patient

![](NRR-8-469-g002)

 {#sec2-1}

### Diffusion tensor tractography {#sec3-1}

Diffusion tensor imagings were obtained twice (1 month and 27 months after onset) using a multi-channel head coil on a 1.5-T Philips Gyroscan Intera (Philips, Best, the Netherlands) with single-shot echo-planar imaging. Imaging was performed using a 6-channel head coil. For each of the 32 non-collinear diffusion-sensitizing gradients, we acquired 67 contiguous slices parallel to the anterior commissure-posterior commissure line. Imaging parameters were as follows: acquisition matrix = 96 × 96, reconstruction matrix = 128 × 128 matrix, field of view = 221 × 221 mm^2^, repetition time/echo time = 10 726/76 ms, parallel imaging reduction factor (SENSE factor) = 2, echo planar imaging factor = 49 and *b* = 1 000 s/mm^2^, number of excitations = 1, and a slice thickness of 2.3 mm (acquired isotropic voxel size 2.3 × 2.3 × 2.3 mm^3^). Eddy current-induced image distortions and motion artifacts were removed using affine multi-scale two-dimensional registration\[[@ref14]\]. Preprocessing of diffusion tensor imaging datasets was performed using the Oxford Centre for Functional Magnetic Resonance Imaging of Brain Software Library. We evaluated the corticospinal tract using diffusion tensor imaging -Studio software (CMRM, Johns Hopkins Medical Institute, USA). For analysis of the corticospinal tract, the region of interest was placed on the corticospinal tract portion of the pons (anterior blue portion on the color map). Fiber tracking was performed with an FA threshold of \> 0.2 and direction threshold \< 60°\[[@ref10]\].

Diffusion tensor tractography for the corticospinal tracts in the right hemispheres showed that fiber tracts originated from the primary motor cortex, and passed along the known corticospinal tract pathway ([Figure 1B](#F1){ref-type="fig"}). Through the diffusion tensor tractography, the corticospinal tracts on the affected (left) hemisphere were disrupted below the cerebral peduncle and crossed to the right hemisphere *via* the transpontine fibers at 1 month after onset, and they originated from the left primary motor cortex and descended through the left cerebral peduncle at 27 months after onset. Diffusion tensor imaging parameters of regions of interest on the corticospinal tract pathway are summarized in [Table 2](#T2){ref-type="table"}. Through the diffusion tensor imaging, the fractional anisotropy value (0.18) of the corticospinal tract area in the left cerebral peduncle was lower than that (0.71) of the right hemisphere at 1 month after onset and it increased to 0.63 at 27 months after onset. By contrast, the apparent diffusion coefficient value of that area increased to 1.39 at 1 month after onset and it decreased to 0.94 at 27 months after onset.

###### 

Diffusion tensor image parameters in regions of interest on the corticospinal tract pathway

![](NRR-8-469-g003)

DISCUSSION {#sec1-3}
==========

In this study, we demonstrated recovery of a corticospinal tract injured by transtentorial herniation in a patient with traumatic brain injury by diffusion tensor tractography and diffusion tensor imaging findings as well as clinical symptoms. Through the diffusion tensor tractography, the left corticospinal tract was disrupted below the cerebral peduncle and connected to the right hemisphere *via* transpontine fibers at 1 month after onset\[[@ref15]\] and the disrupted left corticospinal tract was restored at 27 months after onset. These diffusion tensor tractography findings are consistent with diffusion tensor imaging findings: fractional anisotropy and apparent diffusion coefficient values of the corticospinal tract area in the cerebral peduncle were decreased and increased, respectively, compared with those of the unaffected side. However, fractional anisotropy value increased and apparent diffusion coefficient value decreased at 27 months after onset.

Fractional anisotropy value represents the degree of directionality of microstructures (*e.g*., axons, myelin, and microtubules)\[[@ref9][@ref16][@ref17]\]. Apparent diffusion coefficient value indicates the magnitude of water diffusion in tissue, which can increase with some forms of pathology, particularly vasogenic edema or accumulation of cellular debris from neuronal damage\[[@ref9][@ref16][@ref17]\]. Therefore, the decrease of fractional anisotropy value with the increase of apparent diffusion coefficient value on 1-month diffusion tensor imaging suggests neural injury; in contrast, the increase of fractional anisotropy value with the decrease of apparent diffusion coefficient value indicates recovery of neural injury. The patient presented with complete weakness of the right extremities at the onset of traumatic brain injury and showed slow motor recovery, to the point of being able to move the affected extremities against some resistance at 6 months after onset, which demonstrates the nearly normal motor function at 27 months after onset. This recovery course suggests that recovery of the motor function of the affected side progresses through brain plasticity\[[@ref17][@ref18][@ref19]\].

Several diffusion tensor imaging studies on a corticospinal tract injured by transtentorial herniation in patients with stroke or traumatic brain injury have been reported\[[@ref5][@ref11][@ref12][@ref20]\]. However, to the best of our knowledge, only one study on recovery of an injured corticospinal tract by transtentorial herniation has been reported\[[@ref21]\]. Using diffusion tensor imaging and transcranial magnetic stimulation, Kwon *et al*\[[@ref21]\] reported on a patient with spontaneous intracerebral hemorrhage who showed recovery of the corticospinal tract after injury by brain CT and MRI-confirmed transtentorial herniation. Their results showed that through the diffusion tensor tractography, the left corticospinal tract was disrupted below the cerebral peduncle at 3 weeks after onset, however, the disruption had recovered, with motor recovery, at 1 year after onset; through the transcranial magnetic stimulation, there was no motor-evoked potential for the affected hemisphere at 3 weeks after onset, and motor-evoked potentials compatible with a regenerated corticospinal tract were obtained from the muscle of the affected hand at 6 months after onset.

In conclusion, we demonstrated recovery of a corticospinal tract injured by transtentorial herniation in a patient with head trauma. This result has important implications for brain rehabilitation in terms of recovery of injured neural tracts following traumatic transtentorial herniation. With regard to the motor recovery mechanism in patients with traumatic brain injury, a few diffusion tensor imaging studies have reported\[[@ref22][@ref23][@ref24]\]. These studies have focused on the recovery following diffuse axonal injury or traumatic hemorrhage. Therefore, this is the first diffusion tensor imaging study to demonstrate recovery of a corticospinal tract after injury by traumatic transtentorial herniation. However, because it is a case report, this study is limited. Further complementary studies involving larger case numbers are warranted.
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